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We point out that the hypothesis of an SU(5)-like supersymmetric Grand Uniﬁed Theory (GUT) implies 
a generic relation within the ﬂavour structure of up-type squarks. Contrary to other well-known SU(5)
relations between the down-quark and charged lepton sectors, this relation remains exact in the presence 
of any corrections and extra operators. Moreover it remains valid to a good precision at the electroweak 
scale, and opens thus new possibilities for testing SU(5)-like GUTs. We derive the low-energy effective 
theory of observable light up-type squarks, that also constitutes a useful tool for squark phenomenology. 
We use this effective theory to determine how to test SU(5) relations at the LHC. Focusing on scenarios 
with light stops, compatible with Natural SUSY, it appears that simple tests involving ratios of event rates 
are suﬃcient to test the hypothesis of an SU(5)-like GUT theory. The techniques of charm-tagging and 
top-polarimetry are a crucial ingredient of these tests.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
One of the most fascinating features of the Standard Model of 
Particles (SM) is that the matter ﬁelds ﬁt into complete repre-
sentations 10 and 5¯ of the SU(5) gauge group, as 10 = (Q , U , E), 
5¯ = (L, D) [1]. This suggests that the SM is the low-energy effec-
tive theory (EFT) of an SU(5)-like Grand Uniﬁed Theory (GUT) — 
either SU(5)-symmetric or containing SU(5) as a subgroup (see [2]
and the reviews [3]). Many classes of SU(5)-like GUTs exist, with 
a variety of low-energy features.1 From the viewpoint of testing 
whether or not Nature is microscopically SU(5)-symmetric, this 
model-dependence is an irreducible theoretical uncertainty. It is 
thus highly challenging to ﬁnd how to test the SU(5) hypothesis in 
a way as model-independently as possible.
In this Letter, assuming an SU(5)-like supersymmetric GUT, we 
point out a so-far unexplored SU(5) property conﬁned to the up-
squark sector, that is much less sensitive to model-dependence 
than previous, well-studied properties. This property arises in the 
ﬂavour structure of up squarks, and its persistence at the weak 
scale is closely checked. We then derive the up-squark effective 
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SCOAP3.theory, applicable whenever unobserved squarks are assumed to 
be heavy. We use it to determine the most direct way to test the 
SU(5) hypothesis using our new relations, focusing on the light-
stops scenario — that is favoured by LHC and consistent with Nat-
ural SUSY.
2. A new relation in the up-squark sector
Besides gauge-coupling uniﬁcation at the GUT scale, matter 
ﬁeld uniﬁcation implies the famous relation
yd = yt (2.1)
between down quark and lepton Yukawa couplings. This relation 
is exact up to GUT scale threshold corrections that arise from in-
tegrating out heavy GUT states. In addition, the renormalisation
group (RG) ﬂow down to the weak scale has to be taken into ac-
count, such that yd − y uniﬁcation is not straightforward and has 
generated a lot of literature (see [5] and many subsequent works).
Grand Uniﬁed Theories are closely linked to supersymmetry 
(SUSY), which strikingly favours the gauge coupling uniﬁcation in 
its most simple realisations (MSSM, NMSSM) as well as in more 
evolved hypothesis (e.g. extra-dimensions, extra SU(5)-like mat-
ter [6]). In SUSY SU(5)-like GUTs, the two Higgs supermultiplets, 
denoted H1, H2 (≡ Hd , Hu), need to be embedded in a 5 and a 5¯ under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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tween matter and Higgses are given by the superpotential
W = λi j1H110i 5¯ j + λi j2H210i10 j. (2.2)
Below the GUT scale, assuming that unwanted Higgs triplets are 
heavy due to some splitting mechanism [3,7], the superpotential 
reads
W = yiju H2Q iU j + yijd H1Q iD j + yij H1Li E j, (2.3)
where yd = yt = λ1. Furthermore, SUSY needs to be broken around 
the TeV scale, and the Lagrangian also contains the SUSY-breaking 
scalar trilinear terms au,d, ,
Lsoft ⊃ auhuq˜u˜ + adhdq˜d˜ + alhd˜e˜, (2.4)
where hu,d are the two Higgs doublets and q˜, u˜, d˜, ˜, e˜ are the 
squarks and sleptons. The Lagrangian also contains ﬁve scalar mass 
terms denoted by m2Q ,U ,D,L,E (see, e.g., [8]).
In the present paper, we assume that the source of SUSY break-
ing is SU(5)-symmetric. The above terms then satisfy the relations
ad = at, m2Q =m2U =m2E , m2L =m2D (2.5)
at the GUT scale, which are exact up to GUT threshold corrections.
The correlations that the SU(5) relations (2.5) induce between 
the quark and lepton sectors have been extensively studied within 
speciﬁc GUT scenarios [9]. Such correlations, although certainly in-
teresting in speciﬁc models, can be hardly used as a generic test 
of the SU(5) hypothesis, as RG corrections received by quark and 
leptons are fundamentally different.
We now point out the existence of relation implied by the 
SU(5) matter embedding, which seems unnoticed so far. The 
10i10 j term in the superpotential (2.2) is symmetric, such that 
only the symmetric part of λi j2 is selected. This leads to a symmet-
ric top Yukawa coupling at the GUT scale,
yu = ytu . (2.6)
Moreover, in presence of SUSY, this enforces that the trilinear cou-
pling is also symmetric,
au = atu . (2.7)
These relations are conﬁned within the up-(s)quark ﬂavour space, 
and can thus be expected to be more stable against quantum cor-
rections than the quark–lepton relations. Moreover, these relations 
remain rigorously exact in presence of any GUT threshold cor-
rections, because the up-squark self-energy gets in any case con-
tracted with 10i10 j and is therefore always symmetric.2
For a non-SUSY theory, Eq. (2.6) does not seem particularly ex-
ploitable. In this case the only physical parameters are mass eigen-
values and CKM angles, and these would not be enough to ﬁnd out 
whether or not yu is symmetric. The situation becomes different 
once one considers broken SUSY, because more degrees of freedom 
of the Yukawa matrices are probed by the superpartners.
3. The up-squark mass matrix
Let us see how our new SU(5) relations translate into observ-
able properties. As the relations (2.6) and (2.7) hold within the 
up-squark sector, we need to scrutinise the up-squark mass term 
L ⊃ u˜†M2u˜ u˜, where u˜ = (u˜L, ˜cL, ˜tL, ˜uR , ˜cR , ˜tR)t contains the six up-
squarks states.
2 Note yu , au are symmetric, but generally not Hermitian.In the super-CKM basis, deﬁned such that the Yukawa matrices 
are diagonal, the up-squark mass matrix has the form
M2u˜ =
(
mˆ2Q + O (v2)13 vu√2 aˆu + O (vM)13
vu√
2
aˆtu + O (vM)13 mˆ2U + O (v2)13
)
, (3.1)
where M denotes the SUSY scale. In general, aˆu = W †auV , mˆ2U =
V †m2U V , mˆ
2
Q = W †m2Q W , with yu = V † yˆuW , yˆu diagonal. The 
SU(5) relation (2.6) implies V ∗u = Wu , so that the SU(5) relations 
are satisﬁed in the super-CKM basis, aˆu = aˆtu , mˆ2Q ≈ mˆ2U . The mass 
matrix M2u˜ involves only au , m2Q and m2U , so that we do not have 
to consider the other SUSY-breaking terms at this stage. We as-
sume that these parameters are real, as the low-energy bounds on 
CP phases (for example in the kaon system) are rather stringent. 
We also checked that, regardless of CP constraints, all our claims 
on testing SU(5) remain valid for complex parameters.
We see that the up-squark mass matrix possesses a peculiar 
structure above the GUT scale. However below the GUT scale this 
structure is potentially spoiled by the non-SU(5) quantum correc-
tions. It is thus necessary to evaluate how stable the relations 
au = atu and m2Q ≈m2U remain upon the RG ﬂow. This can be qual-
itatively veriﬁed using the two-loop RG equations of MSSM-like 
theories ([10], see also [9]). The only sizeable discrepancy appears 
between the low-energy m2Q 33 and m
2
U33. The other discrepancies 
are overall negligible with respect to other theoretical and exper-
imental sources of uncertainty. This conclusion is conﬁrmed by a 
numerical study of typical parameter sets using the public code
SPheno [11]. We ﬁnd that the relative discrepancies are below 
1%, including the case of large tanβ .3
We parametrise the complete up-squark mass matrix as
M2u˜ =
⎛
⎜⎜⎜⎜⎜⎜⎝
m211 m
2
12 m
2
13 m
2
14 m
2
15 m
2
16
m222 m
2
23 m
2
24 m
2
25 m
2
26
m233 m
2
34 m
2
35 m
2
36
m244 m
2
45 m
2
46
m255 m
2
56
m266
⎞
⎟⎟⎟⎟⎟⎟⎠
. (3.2)
The above low-energy SU(5) relations, au = atu and m2Q ≈ m2U , 
then translate into
m215 ≈m224, m216 ≈m234, m226 ≈m235, (3.3)
m212 ≈m245, m213 ≈m246, m223 ≈m256, (3.4)
m211 ≈m244, m222 ≈m255. (3.5)
4. Up-squark effective theory
Although the pattern of squark masses is arbitrary in full gen-
erality, a likely situation is that the masses exhibit some hierarchy. 
This is favoured from naturalness considerations, from LHC bounds, 
as well as from certain classes of models. In such a situation the 
physics of the light squarks can be conveniently captured into a 
low-energy effective theory, where heavy squarks are integrated 
out.
Let us reorganise the up-squark mass term such that
L⊃ u˜†M2u˜ u˜ ≡ Φ†M2Φ =
(
φˆ†, φ†
)( Mˆ2 M˜2
M˜2† M2
)(
φˆ
φ
)
, (4.1)
where φˆ contains the heavy states and φ the light ones. The rele-
vant piece of the corresponding Lagrangian has the general form
3 In case of purely imaginary parameters, the relative discrepancies are instead of 
a few percents.
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where O and Oˆ represent the interactions with other ﬁelds, that 
are potentially exploited to probe the up-squark sector.
Assuming that the eigenvalues of Mˆ2 are large with respect to 
the energy at which one probes the theory, the heavy squarks φˆ
can be integrated out,4 leaving the low-energy Lagrangian of light 
squarks,
Leff = |Dφ|2 +
(
O− Oˆ(Mˆ−2 − Mˆ−4∂2)M˜2
− O
2
M˜2†Mˆ−4M˜2
)
φ + h.c.− φ†
(
M2 − M˜2†Mˆ−2M˜2
− 1
2
{
M˜2†Mˆ−4M˜2,M2
})
φ. (4.3)
In this effective Lagrangian we keep only the leading and the sub-
leading terms of the E2Mˆ−2 expansion relevant for our purposes. 
Here, E denotes the energy scale. It contains in principle higher 
dimensional couplings and derivative terms, which are either sub-
leading or irrelevant for the observables we are going to consider, 
and are thus neglected. To obtain Eq. (4.3), one has to use the ﬁeld 
redeﬁnition Φ → (1 − 12 M˜2†Mˆ−4M˜2)Φ in order to canonically nor-
malise the light squarks. The {,} is the anti-commutator.
The imprint of the heavy up-squarks in the light up-squarks La-
grangian (4.3) appears as corrections to the light up-squark masses 
and couplings. Physically, these corrections have to be understood 
both as tree-level exchange of heavy up-squarks, and as the ﬁrst 
terms of the expansion with respect to the small parameters that 
describe mixing of heavy and light squarks. We emphasise that, 
although this effective theory approach might bear some resem-
blance with the “mass insertion approximation” (MIA) [17], the 
two approaches are fundamentally different. The MIA is an expan-
sion in the limit of small off-diagonal elements of the mass ma-
trix M2, i.e. in terms of small parameters M2i = j/ tr{M2}. In con-
trast, the expansion parameter of the effective theory is E2Mˆ−2, 
and M2 can have arbitrary off-diagonal entries.
From Eq. (4.3) we see that ﬂavour-violating couplings of the 
light squarks enter at ﬁrst order and are controlled by Mˆ−2M˜2. The 
ﬂavour respecting couplings will be instead modiﬁed at the second 
order. The light mass matrix M2 receives a correction independent 
of M2 at ﬁrst order, and corrections proportional to M2 at second 
order.
5. Testing SU(5)-like GUTs at the LHC: the example of two 
light-stops
Armed with the up-squark effective Lagrangian, we are now 
ready to test the low-energy SU(5) relations au ≈ atu and m2Q ≈m2U . 
In this Letter we focus on LHC physics, in the assumption that the 
lightest squarks are produced at the LHC, while the unobserved 
squarks are heavy such that the truncation of the effective La-
grangian (4.3) is valid. Note that the expansion parameter behaves 
as the mass squared, such that for masses of, e.g., mφ ∼ E ∼ 1 TeV
and m
φˆ
∼ 3 TeV, higher terms of the expansion are already sup-
pressed by a factor of order 10.
Supersymmetric scenarios with two light squarks that are 
mainly stops, φ = (t˜L, ˜tR), φˆ = (u˜L, ˜cL, ˜uR , ˜cR) are favoured by LHC 
data and are one of the features of the Natural SUSY framework 
[12]. For simplicity, we will in the following denote these two light 
squarks as “stops”. We consider R-parity conserving scenarios. We 
4 We remind that it is not necessary to use eigenstates to perform this operation.assume that both stops are copiously produced through ﬂavor-
diagonal processes. Indeed, gluon-initiated production of squark 
pairs will be the dominant production channel for squarks hav-
ing a mass of about 1 TeV at the LHC with a centre-of-momentum 
energy of 13 or 14 TeV.
The effective Lagrangian of the stops is obtained by expand-
ing Eq. (4.3), where we introduce the parameters m211,44 ≡ Λ21, 
m222,55 ≡ Λ22. We observe that the stop mass matrix depends at 
the leading order on m233,66,36. There is no relevant information to 
test the SU(5) hypothesis in this matrix, and the higher corrections 
to the mass matrix cannot be exploited either.
The stop mass eigenstates are (t˜1, ˜t2)t = R(θ˜ )t(t˜L, ˜tR)t , where 
R(θ˜ ) is an SO(2) rotation with the stop mixing angle θ˜ . The stop 
mixing angle can be large and is a crucial feature of low-energy 
SUSY.5 Knowing its value will not be necessary in the following 
SU(5) tests, although it will appear in intermediate steps.
Phenomenologically viable parameter conﬁgurations including 
sizeable symmetric off-diagonal entries in the submatrix aˆu , which 
are in agreement with constraints from ﬂavour-changing neutral 
currents such as rare decays (b → sγ , Bs → μμ) and B-meson os-
cillation (MBs ) can be found in the MSSM parameter space [13]. 
This statement also holds when adding the SU(5) hypothesis.
5.1. The case mt˜1,2 >mW˜ >mB˜
As a ﬁrst typical example, we consider the case where stops 
can decay both to the lightest neutralino, which is mostly bino-
like, χ˜01 ≈ B˜ , and to a mostly wino-like second-lightest neutralino 
χ˜02 ≈ W˜ . This mass hierarchy is inspired by the fact that in GUTs 
we have the approximate relation MB˜ ≈ MW˜ /2 at the weak scale.
Let us focus on the ﬂavour-violating couplings of the stops, that 
appear at ﬁrst order in Eq. (4.3). The operators that couple the 
stops to B˜ and W˜ in Eq. (4.3) are Oˆ ∝ (uL, cL, −4 uR , −4 cR)B˜ and 
Oˆ ∝ (uL, cL)W˜ [15]. At ﬁrst order in the effective Lagrangian (4.3), 
the ﬂavour-violating couplings of the stops are proportional to
B˜
⎛
⎝ m
2
13
Λ21
uL + m
2
23
Λ22
cL − 4m
2
34
Λ21
uR − 4m
2
35
Λ22
cR
m216
Λ21
uL + m
2
26
Λ22
cL − 4m
2
46
Λ21
uR − 4m
2
56
Λ22
cR
⎞
⎠ R(θ˜)( t˜1
t˜2
)
, (5.1)
W˜
⎛
⎝ m
2
13
Λ21
uL + m
2
23
Λ22
cL
m216
Λ21
uL + m
2
26
Λ22
cL
⎞
⎠R(θ˜)( t˜1
t˜2
)
. (5.2)
The low-energy SU(5) relations Eqs. (3.3)–(3.5) directly re-
late these effective couplings. A numerical analysis shows that 
non-SU(5) discrepancies induced by the RG ﬂow are typically of 
order 1%. The stop decay chains of interest are t˜1,2 → qB˜ and 
t˜1,2 → qW˜ → qZ/hB˜ , where q = u, c observed as hard jets. These 
two decays, occurring respectively through U (1)Y and SU(2)L in-
teractions, are observed separately as the ﬁnal states are different. 
In the complete production-decay process, we ask for a ﬂavour vi-
olating decay for one out of the two produced stops.
Let us ﬁrst assume that one simply counts the amount of 
ﬂavour-violating events occurring in the decays to B˜ and W˜ , with-
out disentangling between the nature of the jets nor between the 
original stops. It turns out that, whenever the SU(5) hypothesis is 
veriﬁed, and for arbitrary stop mixing angle, both decay rates NY , 
NL are controlled by the same combination of parameters, accord-
ing to
NL,Y ∝
(
σt˜1c
2
θ˜
+ σt˜2 s2θ˜
)(
m413Λ
−4
1 +m423Λ−42
)
5 In particular to obtain a 125 GeV Higgs.
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+ 2cθ˜ sθ˜ (σt˜1 − σt˜2)
(
m213m
2
16Λ
−4
1 +m223m226Λ−42
)
. (5.3)
Here, σt˜i denotes the inclusive cross section of the ﬂavour-
conserving production process pp → t˜i t˜∗i at LHC.
It is thus, in principle, possible to test the SU(5) hypothe-
sis using these simple decay rates. However estimating precisely 
the overall factors relating NL and NY to the quantity (5.3) can 
be challenging because this requires to know the realistic cross-
section including all the kinematic selections. This drawback can 
be avoided using charm-tagging techniques. The use of c-tagging 
allows to identify a fraction NcY ,L of the jets due to c-quarks, where 
NY ,L = NcY ,L + N/cY ,L . The remaining fraction, N/cY ,L includes the jets 
that cannot be identiﬁed as c-quarks, i.e. up-quarks and mistagged 
charm-jets. As a result, whenever the SU(5) hypothesis is fulﬁlled, 
the four decay rates N/cY ,L and N
c
Y ,L satisfy the relation
NcY
NcL
= N
/c
Y
N/cL
. (5.4)
Note that this test of the SU(5) hypothesis does not require to 
know the stop-mixing angle, nor to have a precise estimation of 
the stop-production cross-sections.6
The experimental feasibility is evaluated by computing the 
p-value from a statistical test built from Eq. (5.4). Results are ex-
pressed in terms of equivalent Gaussian signiﬁcance (see e.g. [14]). 
Assuming mt˜1,2 = 700 GeV, 300 fb−1 of integrated luminosity, 30%
of charm-tagging eﬃciency, and ﬂavour-violating branching ratios 
of 10% (3%), a relative discrepancy in the above relation can be as-
sessed up to 15% (30%) with 3σ signiﬁcance. For mt˜1,2 = 1000 GeV, 
a discrepancies of 50% can be probed with 3σ signiﬁcance for 10%
branching ratios, while no power remains if branching ratios are 
below 3%.
5.2. The case mW˜ >mt˜1,2 >mB˜
As a second example, let us assume that the stops can only 
decay into the lightest neutralino χ˜01 ≈ B˜ . Using only the informa-
tion from ﬂavour-violating decays into B˜+jets, it turns out it is not 
possible to test the SU(5) hypothesis, even if one disentangles the 
decays of t˜1 and t˜2 and knows the value of the stop mixing angle.
For this case, let us consider the ﬂavour-conserving interac-
tions of the stops. The relevant operator coupling to the stops in 
Eq. (4.3) is O ∝ (tL, −4tR)B˜ . The decays of interest for our SU(5)
testing purpose are thus t˜1,2 → B˜tL,R . For the stops decaying into 
top quarks, techniques of top polarimetry [16] potentially provide 
a way to distinguish between decays into top of left and right chi-
rality, tL and tR . Using kinematic information it is also possible to 
disentangle t˜1 and t˜2 decays. Considering that one can both dis-
tinguish between the original stops t˜1, t˜2 and the outgoing tL , tR , 
we end up with four observable decay rates N1,L , N1,R , N2,L , and 
N2,R .
At leading order, the matrix coupling the stops to O is unitary, 
OR(θ˜ )(t˜1, ˜t2)t . The four decay rates satisfy thus two non-trivial re-
lations, conveniently chosen as
N1,L
N1,R
= 1
162
N2,R
N2,L
, 16
(
N1,L
σt˜1
+ N2,L
σt˜2
)
= N1,R
σt˜1
+ N2,R
σt˜2
. (5.5)
Note that the various ratios of decay rates provide inequivalent 
measurements of the stop mixing angle. A third relation coming 
6 Note that if charm tagging eﬃciency is different for the U (1)Y and SU(2)L pro-
cesses, eﬃciency factors need to be included in the relation Eq. (5.4).from the overall normalisation also exists but is related to the to-
tal cross-section, that needs to be estimated precisely, and which 
is not necessary for our purpose of testing the SU(5) hypothesis. 
The relevant information arises instead at next-to-leading order 
in the distortion of the coupling matrix in the stop effective the-
ory. Whenever the SU(5) hypothesis is true, the coupling takes the 
form
B˜ ( tL, −4 tR )
(
1− a −b
−b 1− a
)
R(θ˜ )
(
t˜1
t˜2
)
(5.6)
with
a = 1
2
(
m413
Λ41
+ m
4
23
Λ42
+ m
4
34
Λ41
+ m
4
35
Λ42
)
, (5.7)
b = 1
2
(
m213m
2
16
Λ41
+ m
2
23m
2
26
Λ42
+ m
2
34m
2
46
Λ41
+ m
2
35m
2
56
Λ42
)
. (5.8)
The correction to the coupling matrix in Eq. (5.6) induces a 
slight overall decrease in the stop decay rate. One quick way to 
see this is that the determinant of the coupling matrix is smaller 
than unity. This slight global decrease is not observable as it is 
cancelled by the total width in the branching ratio expression. The 
crucial signature lies instead in the matrix structure. If the SU(5)
hypothesis is true, the distortion is symmetric, which implies that
N1,L
N1,R
= 1
162
N2,R
N2,L
, 16
(
N1,L
σt˜1
+ N2,L
σt˜2
)
= N1,R
σt˜1
+ N2,R
σt˜2
. (5.9)
Instead, if the SU(5) hypothesis is not true, both relations are not 
satisﬁed. Again, this test uses only ratios of decay rates, and thus 
does not depend crucially on the overall normalisation.
Building a statistical test from Eq. (5.9), assuming mt˜1,2 =
700 GeV (1000 GeV), 300 fb−1 of integrated luminosity and max-
imal stop mixing, a relative discrepancy in the ﬁrst relation of 
Eq. (5.9) can be detected up to 9% (29%) with a 3σ signiﬁcance.
6. Summary
In this Letter we point out the existence of SU(5)-like GUT re-
lations that have remained unexplored so far. These new SU(5)
relations are insensitive to GUT threshold corrections and are con-
ﬁned to the ﬂavour structure of the up-squark sector, which makes 
them more stable with respect to quantum corrections than the 
other well-known SU(5) relations. Due to these features, the new 
relations open new ways to test whether Nature is microscopically 
SU(5)-symmetric. We focus on searches at the LHC using unprece-
dented simple tests involving the properties of up-type squarks.
We set up the effective theory for light up-type squarks, that 
is also a useful tool beyond our SU(5)-testing purpose. Using this 
effective theory, we study the case of two light stops, that is moti-
vated by the Natural SUSY framework, to set up tests of the SU(5)
hypothesis. We show that fairly simple statistical tests, indepen-
dent of the stop mixing angle and involving only ratios of number 
of events, can be set up for various mass ordering scenarios. The 
techniques of charm-tagging and top polarimetry play a crucial 
role in these SU(5) tests. More evolved statistical techniques for 
arbitrary low-energy spectra will be presented in a future publica-
tion.
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